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1 Abstract

A multidimensional comet nucleus model is used to estimate the temperature
and gas production distributions on the surface of a comet nucleus in the or-
bit of 46P/Wirtanen. The spherical model nucleus is assumed to be made
up of a porous dust-ice (H,0, CO) matrix. Heat and gas diffusion inside the
rotating nucleus are taken into account in radial and meridional directions.
A quasi-3D solution is obtained through the dependency of the boundary
conditions on the local solar illumination as the nucleus rotates. As a study
case, we consider a homogeneous chemical composition of the surface layer
which is assumed to contain water ice. The model results include the distri-
butions of temperature and gas production on the surface. For the chosen
test case of a nucleus spin axis perpendicular to the orbital plane we found
that the CO gas production on the surface is quasi uniformly distributed in
contrast to the non-uniform water outgassing. The mixing ratio at a specific
point on the comet nucleus surface is not representative of the overall mixing

ratio which is observed in the coma.
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2 Introduction

Periodic comet 46P/Wirtanen is the current target of the International Rosetta
Mission, which will study the onset and evolution of cometary activity from
a heliocentric distance of 4 astronomical units {AU) to perihelion at 1.08 AU.
In order to plan for the encounter and to maximize the results of the mission,
it is important to estimate the environment at the nucleus surface and in the
near-nucleus coma.

The purpose of this paper is to present our quasi-3D comet nucleus model
and to describe some initial model results such as the distributions of temper-
ature and gas production on the surface of a spherical model comet nucleus
in the orbit of comet 46P/Wirtanen. Special attention is paid to the pos-
sible outgassing of molecules more volatile than water. We choose CO as
an example of an abundant volatile molecule in cometary nuclei, but other
molecules such as CO,, CH4 or N3 could also be included in the model.

The comet nucleus model used in the present work was previously applied
to simulations of comet 29P/Schwassmann-Wachmann 1 (Enzian 1997; En-
zian et al. 1997) and comet Hale-Bopp (Enzian et al. 1998). In both works it
was possible to predict the evolution of the carbon monoxide production rate
which was confirmed by spectroscopic observations. The main advantages of
our model compared to earlier published models are its higher spatial res-
olution of the nucleus surface as well as a 2-dimensional resolution of the
diffusion equations.

Most of the comet nucleus models published so far have typically used

the fast rotator approximation of a sphere (e.g., Espinasse et al. 1991, Tan-
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credi et al. 1994, Podolak and Prialnik 1996) which averages the solar heat
flux received by the projected comet nucleus disc over the total surface of
a sphere. Diffusion equations for heat and gas are numerically integrated
exclusively for the radial direction. In the fast rotator approximation the
temperature and gas production distributions on the comet nucleus surface
are assumed to be uniform and the diurnal variation of the solar flux cannot
be resolved. Unlike this approximation, physico-chemical reactions such as
sublimation are non-linear with respect to temperature. The advantage of
the fast rotator approximation is that it is computationally simple and one
can chose a larger integration time step for the boundary conditions. In the
following we will call this class of models a 1-dimensional model. The fast
rotator approximation can be improved by averaging the received solar flux
only over the longitudes for individual latitudes instead of both the latitudes
and the longitudes (e.g., Capria et al. 1996, Coradini et al. 1997).

A second class of models uses the so called slow rotator approximation
in which the diurnal variation of the solar flux is taken into account. The
energy balance of the comet nucleus surface in these models is written for a
single rotating surface element (e.g., Benkhoff and Boice 1996) or for a large
number of rotating surface elements (e.g., Weissman and Kieffer 1981, 1984).
The slow rotator approximation allows one to compute the temperature and
gas production distributions on the comet nucleus surface. To distinguish
these models from the fast rotator models we define them as 1.5D models
where the half dimension comes from the rotation or the hour angle. If

in addition the model takes into account the lateral flux in the meridional



direction, like the Weissman and Kieffer model or this work, then we call it
a 2.5D model, or quasi-3D model.

In this work we use the slow rotator approximation. The surface is de-
scribed with a grid of 1000 geographical points which are distributed over the
entire comet nucleus surface. The diffusion equations are integrated for the
radial and meridional directions. A quasi-3D solution is obtained by reiating
the boundary conditions to the local solar illumination as the nucleus rotates.
Although 2D and 3D diffusion effects are relatively small for a spherical nu-
cleus (see also Benkhoff and Huebner, 1996) they can become important for
more complex geometries which we want to study in the future. In addi-
tion to the features of the earlier multidimensional model of Weissman and
Kieffer, our model takes into account chemical differentiation of ices more

volatile than water.

3 Model description

In this section we describe the assumptions and hypotheses of the comet
nucleus model used in the present study. The model solves a system of
coupled reaction-diffusion equations which describes heat and gas diffusion
in a porous material. Heat and mass exchange between the solid and the
gas phase are taken into account. The solar heat flux, which is defined
by the current orbit of comet Wirtanen, is absorbed by the surface layer.
The model provides the temperature field within the nucleus, quantifies the
redistribution of volatile molecules (through sublimation, gas diffusion and

recondensation) and predicts the quantities of released gas and dust.



3.1 Composition

The model nucleus is assumed to be composed of porous ice-dust aggregates.
The dust component represents a non-volatile phase which reduces the bond
albedo of the water ice and dust. The ice constituent is composed of car-
bon monoxide enriched water ice which is initially in crystalline state. The
condensed CO may evaporate by temperature controlled sublimation. The
composition of the solid ice-dust matrix is described by the mass per unit
volume of each constituent (g; with ¢ = dust, H,O, or CO). The bulk density

of the matrix, p can then be written as
p = Pa + Pu,0 + Pco (1)

The porosity, ¥, which is here defined as the ratio of the pore volume to
total volume of the matrix, is given by comparing the mass per unit volume

of each constituent with the density of a compact solid (pq, p1,0, Pco)-

Pd _ PH,O _ PCO (2)

3.2 Physico-chemical reactions

Below the nucleus surface the material is assumed initially to be in thermo-
dynamic equilibrium. A small temperature rise induces sublimation. It can
be shown that the characteristic time scale of sublimation is much shorter
than those of heat and gas diffusion. Hence, the gas should be close to sat-
uration if sufficient ice is present. Significant deviation from saturation can

exist close to a sublimation front. From the saturation condition we can



define a source/sink term for the amount of gas sublimated from the ice per

unit volume P*¥ (i = H;0 or CO).

P = (p*t ~ p;) /0t (3)

1

with the saturated vapor pressure p$* and the partial gas pressure p; . The

sublimation leads to an enthalpy change H#*¥ of

‘raubl _, 1 subl m; S subl
= 1y L P, @

where L?*® is the latent heat of sublimation, m; is the molecular mass and
kg is the Boltzmann constant. The gas and the solid phase are assumed to

have the same temperature T'.

3.3 Diffusion equations

The transport of heat and gas is defined by means of a system of three
coupled diffusion equations (i = H,0, CO).
oT

Porgr = V(KVT)+ZH,- (5)
6}’,‘ - d v >,
5t = V(DiVp)+ V(D Vp) +>_ P (6)

. . i
diffusive viscous

Where p is the density, ¢, is the specific heat and K is the effective thermal
conductivity of the solid phase. Additionai heat sources for sublimation and
advection are represented by source terms H;. The gas diffusion equations
apply to viscous, free molecular (Knudsen) and mutual (Fick) diffusion. p;
is the partial pressure of species ¢ and p = p; + p; is the total gas pressure of

a binary gas mixture. D¢ and D? are the diffusion coefficients for diffusive
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and- viscous flow which are adopted from the Chapman-Enskog method. An
additional gas source for sublimation and recondensation is denoted by P; .
The possible range of the thermal diffusivity of cometary materials is
not well determined. We use a parameterized expression for the effective
thermal conductivity. A structural change of the porous material such as
through sintering is not taken into account. We intend to include sintering

in a future version of this model.
K=h (@’EKH,O + @Kco + ?i‘Kd) + 41‘,,6ch3 (7)

PH30 pPco Pd

where K; stands for the heat conductivity of the compact material of each
solid phase. The parameter A is generally called the hertz factor and describes
the efficiency of the grain-grain connection. Throughout one simulation we
use a constant value for h. The last term of equation 7 accounts for the heat
transport by means of thermal radiation, where r, is a characteristic pore

size, € is the infrared emissivity and o is the Stefan-Boltzmann constant.

3.4 Boundary conditions

The diffusion equations are solved for two spatial dimensions (r, radius and
0, co-latitude) using spherical coordinates. Each diffusion equation has two
boundary conditions per dimension. The flux of the heat and gas diffusion

at the nucleus center and at both geographic poles is set to zero.

oT or oT
Bl 0y B,
6p.- Gp,' 3pi

= =0, —| =0, 22| =0
or =0 00 =0 00 e
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At the surface, the temperature is inferred from the energy balance of a

sublimating, conducting layer of finite thickness, dr:

S(1-A)

Th

cosz = eoT + L% Zy,0 + KVT + drH (8)
where S is the solar constant at 1 AU, r; is the heliocentric distance and
A is the bond albedo. The zenith angle of the Sun z is a function of the
declination of the Sun as well as the latitude and the hour angle of each

nucleus surface element. L§;% is the latent heat of sublimation for water ice

and ZH,O is the mass loss rate per unit surface area and unit time

_ . MH,0
Zn,0 = aPy,0 27rk;T (9)

where «a is a correction for the effective fraction of the nucleus surface covered
by ice
Py (10)
PH,0 + == Pa
Pi1,0 is the gas pressure of the evolving water at the surface, and mu,0 is the
mass of a water molecule. The fhermal inertia of the surface layer is repre-
sented by the enthalpy change term drH which has the effect of decreasing
the diurnal temperature variation. dr is the thickness of the surface layer in
which the solar heat flux is absorbed. A good choice is to assume that dr
equals the mean optical depth, which might be of the size of a grain (or a
few grains for submicron-sized grains) in the case of a material having a low
albedo. In the present work we choose the lower limit dr = 0 .
The boundary conditions for the gas phase can in principle be determined

by means of the mass balance at the surface. However, the gas flux from the



near-nucleus coma back to the nucleus surface can only be determined by
using a hydrodynamical coma model. As the gas pressure above the nucleus
surface is likely to be small as compared to the pressure below the surface,
we set the gas pressure at the surface to zero. It was recently shown by
Crifo and Rodionov (1998) that in case of a non-spherical nucleus the gas
pressure in the near-nucleus coma can increase significantly in a topography
with concave geometry. It would be interesting to couple such a coma model
to our nucleus model to see how the surface temperature and gas production
rates are affected.

During each time step the local gas production rates are determined for
a fraction of the nucleus surface (S = 47 R% /N, where N is the nucleus spin
period divided by the time step) represented by a wedge of surface elements
alligned along a meridian. This surface wedge is rotated with the nucleus
spin period. After one rotation the global gas production rates are calculated

by summing the local outgassing rate for each surface element.

t=tg+Ndt

Quo = 2 S 3. (DioVmo+ Do Vet AZmo) (1)
=t0 meridian

. t=tp+Ndt

Qoo = . S ¥ (D& Vrco+ Déo Vp) (12)
t=tg meridian

Surface erosion due to sublimation is computed as a function of lati-
tude. However, for reasons related to the computational efficiency the model
considers that the overall shape of the nucleus remains spherical. We are
currently working on a new model version where we will take into accout the
evolution of the nucleus shape.

The model considers the test case of a constant dust to ice mass ratio
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at the nucleus surface. This assumption is realistic only for a low cohesion
force between dust grains. In a future version of our model we plan to
take into account a gas dynamical description of the grain ejection process
(e.g., Coradini et al. 1997). However, as the cohesion force between grains
is not determined yet we prefer to test extreme cases of a very low cohesion
(corresponding to free surface sublimation) and a very high cohesion force
(accumulation of dust grains at the surface) instead of chosing some arbitary
intermediate case.

Further details of the numerical code can be found in Enzian et al. (1997).

4 Physical and numerical parameters

The most important physical parameters used for this work are shown in
Table 1. The parameters used are chosen from the parameter list as defined
by the Comet Nucleus Working Team (Huebner et al. 1998).

In the model we assume a spherical shape for the comet nucleus composed
of a porous dust-ice (H,O, CO) mix. At the beginning of the simulation the
nucleus has a homogeneous composition and a uniform temperature of 20 K.
At such a low temperature CO remains in the solid phase. The CO is con-
sidered as an independent phase (5% of the total nucleus mass). The initial
nucleus composition has a dust-to-ice mass ratio of 1, which corresponds to
the lower value estimated for comet 1P/Halley (McDonnell et al. 1991). The
compact dust density is assumed to be 3250 kg m~3. A density of 917 kg m—3
is chosen for both of the volatile ice phases. The initial bulk mass density is

500 kg m~3 which is a mean value of Rickman’s density estimation for comet

11



1P/Halley (Rickman, 1986). We should mention that Sagdeev et al. 1988 and
Peale (1989) suggested bulk densities in the range of 200 < p < 1500 kg m™3.
Recently, Rickman revised his estimates leading to a higher density but still
below 1000 kg m~3 (Rickman, 1998). The density of 500 kg m~3 in our model
leads to an initial porosity of 0.65. The initial pore radius is chosen to be
10~* m. During the simulation the pore radius increases with porosity.

The thermal conductivity of compact crystalline water ice is given by
Klinger (1980)

567

thO = T VVI'I’I_1 K_l (13)

The specific heat of water ice has been fitted by Klinger (1980) from
measured data given by Giauque and Stout (1936). '

Cpity0 = T49T +90 J kg™ K™ (14)

For CO we use the upper limit suggested by Tancredi et al. (1994):
Cp.cb = 2010 J kg~! K1
The saturated vapor pressures of the volatile molecules are approximated
by
pi* = Asexp (~E;/T) (15)

where Ap,0 = 3.56 x 10’2 N m~%, Ey,0 = 6141.667 K (Fanale and Salvail
1984) and Ago = 1.6624 x 10° N m~2, Ego = 764.16 K (Fanale and Salvail
1990). More precise formulae for the vapor pressure exist (e.g., Washburn
1928, Kouchi 1987). However, taking into account the uncertainty in the
description of the sublimation process we have chosen equation 15 as it allows

more efficient computation. The latent heat of sublimation is assumed to be
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equal to the activation energy E; in order to be consistent with the equation
for the saturated vapor pressure (equation 15).

The spherical cometary nucleus with radius Ry is subdivided into 100
concentric shells. The thickness of the first 20 shells is 0.05 m. Beyond the
depth of 1 meter the thickness of the shells increases by an exponentially
growing step size. Each meridian is divided into 20 latitudinal elements.
The parallels are divided into 50 elements of equal size so that the numerical
time integration step, dt, becomes 0.02 of the nucleus spin period. The

distribution of surface elements on the modeled nucleus is shown in figure 1.

5 Results and discussion

We present results for a model of comet 46P/Wirtanen assuming a spherical
nucleus with a spin axis perpendicular to the orbital plane. We ran the model
over five orbits of the comet, starting at aphelion. The instantaneous surface
temperature distribution at 1.08 AU (perihelion) and at 3 AU (where most
of the experiments onboard the ROSETTA spacecraft will start) from the
Sun on the fifth orbit is shown in figure 2..In the case of a freely sublimating
ice-dust surface (see the two plots in figure 2 at left) the maximum surface
temperature is 205 K for an albedo of 0.04, significantly below the black
body temperature at this solar distance of 377 K. The computed maximum
surface temperature is a lower limit as dust is not allowed to accumulate
on the surface. The temperature distribution in longitude is asymmetric
with respect to the subsolar point as expected due the thermal inertia of the

surface.
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Unlike the freely sublimating surface, the temperature of a dust covered
nucleus surface (layer of 10 cm in thickness is depleted of ice at the equator)
is significantly higher (see the two plots in figure 2 at right) and approaches
the black body radiation equilibrium. This is due to the assumed low heat
conduction of the porous dust layer: 0.1 W m~! K~*. However, in this case
the remaining heat available for sublimation is significantly lower than in the
first case. As a consequence, the outgassing rate for water is several orders of
magnitude lower than in the case of a freely sublimating surface and doesn’t
compare favorably with observations of comet P/Wirtanen (figure 7). The
results for the dust covered case are not discussed further in this paper.

The surface temperature of real comets is currently inaccessible by remote
sensing due to the thermal emission of the coma and due to the lack of spatial
resolution on the nucleus surface using Earth-based instruments. However,
during the last perihelion passage of comet Halley in 1986, the IKS thermal
imager onboard the Vega 1 spacecraft detected an IR emission source a few
kilometers in size in the nucleus direction, with a temperature of 420 £ 60 K
(Combes et al. 1986; Emerich et al. 1991). Such a temperature, far beyond
the triple point of water, suggests that at least a fraction of the Halley nucleus
surface was covered by a refractory layer. An alternative explanation is that
the IR emission corresponded to a dust filament in the inner coma of Halley
which coincidenced with the line of sight. Based on this data Combes and
co-workers could neither confirm nor exclude the presence of water ice, as its
thermal emission would be hidden by the high temperature emission source.

The evolution of the modeled surface temperature versus heliocentric dis-
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tance is shown in figure 3. For the same heliocentric distance, the surface
temperatures after perihelion are higher than before perihelion, for each lati-
tudes. The higher latitudes receive less solar flux and the thermal conduction
term in the surface energy balance becomes relatively more important com-
pared to the energy dissipation through sublimation and thermal radiation.
The non-linear behavior of the dissipation terms causes the thermal inertia
to be more significant at higher latitudes.

An example of the temperature profile versus depth is shown in figure 4.
The plots show profiles for three different latitudes at 1.08 AU and 3 AU from
the Sun, after five orbits. The diurnal thermal skin depth is about 20 cm.

The instantaneous water production distribution on the nucleus surface at
perihelion and at 3 AU from the Sun for the nucleus withouf a dust mantle
is shown in figure 5. Water outgassing is produced mainly through free
sublimation at the nucleus surface. Thus, the production rates are strongly
correlated with the surface temperature distribution. Gas production from
sublimating icy grains in the coma is not taken into account.

Unlike the water production distribution, the carbon monoxide outgassing
is near-uniform along lines of constant latitude because the CO source is
situated below the surface, deeper than the diurnal thermal skin depth. The
CO sublimation front penetrates into the inner part of the nucleus. Although
the nucleus surface is receding due to the loss of water ice and entrained dust,
the erosion can’t catch up with the greater penetration of the CO sublimation
front (figure 6). The depth of the CO sublimation front depends on the

amount of CO in the initial mix. The depth predicted by our model is some
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tens of meters.

Both the inhomogeneous water production and the non-uniform surface
temperature distribution suggest an asymmetric coma expansion. Even in
the case of nearly isotropic outgassing, as predicted for CO, the gas density at
the nucleus surface is asymmetric due to the non-uniform surface temperature
distribution. In addition, local inhomogeneities in chemical composition or an
irregular nucleus shape will amplify the development of structures in the inner
coma. The formation of such coma structures was shown by gas dynamical
modeling of a dusty coma (Crifo and Rodionov 1997). Using CO production
rates obtained from the model results presented in the current work, Crifo
and Rodionov showed that in the near-nucleus coma the gas phase is capable

of efficiently accelerating dust, even at 3 AU from the Sun.

6 Comparison with observations
6.1 Water production rates

The presence of water vapor in the Earth’s atmosphere does not permit de-
tection of cometary H,O from ground-based observations. Typically, water
production rates are estimated from production rates of the OH radical and
atomic hydrogen, which are assumed to be produced by photodissociation of
H;0 molecules. During the perihelion passage of comet Wirtanen in 1996,
Farnham and Schleicher (1997) derived an OH production rate of 7.8 x 10?7
molecules/s at 1.07 AU from the Sun, using narrow-band photometry. A
similar water production rate, 7 x 10?” molecules/s, was reported by Bertaux

(1997) from an analysis of the Lyman-alpha emission of the hydrogen enve-
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lope, which could be observed by the SWAN experiment onboard the SOHO
spacecraft. Different radii for the model comet nucleus have been tested. For
a comet nucleus radius of about 600 m, the radius suggested by observations,
the observed production rates at perihelion compare more favorably with our
predicted value of 102 molecules/s for P/Wirtanen. Our result confirm that
comet Wirtanen has a small nucleus compared to most measured comets.
Bohnhardt et al. (1996) suggested an upper limit on the nucleus radius of
0.8 km from a detection at 4.6 AU. More recently, Lamy (1996) used the
WFPC2 camera on the HST to image the inner coma of P/Wirtanen in an
attempt to detect the nucleus. Taking into account a coma correction, Lamy
estimated a mean effective radius of 0.58 km (both estimates assume a ge-
ometric albedo of 0.04). Our thermo-physical estimate of about 600 m is
compatible with HST observations.

Another method of estimating water production consists of converting
the comet’s light curve to HyO production rates, QH,o, by using an empirical
relation given by Jorda (1995) between Qu,0 and the heliocentric magnitude
mp

log Qu,0 = 30.78(0.25) — 0.265 x m. (16)

This relation was obtained from a data analysis of 15 comets closer than

2.8 AU to the Sun and having a water production rates larger than 10?® molecules/s.
A comparison between water production rates derived from the visual

brightness of comet P/Wirtanen and modeled rates for a comet nucleus with

a radius of 600 m is shown in figure 7. Taking into account the uncertainty

in the nucleus size (due to the unknown albedo and coma corrections), one
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can note the general agreement between the modeling and the observations
at perihelion. The slope of the water production rates beyond 1.5 AU (pre-
perihelion in 1996), however, cannot be explained by our model. A better.
agreement might be obtained if the model assumed a partially dust covered
nucleus surface beyond 3 AU from the Sun, but with the dust cover removed
as the solar flux increases. Other explanations such as a change ih the size
distribution of the dust grains are also possible. On the other hand, it is
not clear if the correlation formula used is valid for faint objects like comet

P/Wirtanen, having production rates lower than 102 molecules s™!.

6.2 CO production rates

Distant activity of cometary nuclei has been observed since at least the dis-
covery of comet 29P /Schwassmann-Wachmann 1 (P/S-W 1). Radio spectro-
scopic observations of P/S-W 1 showed that outgassing of carbon monoxide
appears to be the driver of the observed distant activity (Senay and Jewitt
1994; Crovisier et al. 1995). More recently, observations of comet Hale-Bopp
have led to a similar conclusion (Biver et al. 1997). Both P/S-W 1 and Hale-
Bopp have a nucleus size of a few tens of kilometers, which is significantly
larger than the typical size of observed short-period Jupiter family comets.
It is not clear if distant cometary activity is a selection artifact for large
bodies or if such bodies have significantly different chemical compositions. If
all comets have a similar origin, there should be no substantial difference in
their initial composition. However, it is expected that during the temporal

evolution of a comet in the inner solar system the near-surface initial com-
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position is lost by chemical diﬁ'erentiation‘as more volatile ices sublimate or
are freed by the amorphous-crystalline water ice transition.

Comet Wirtanen has a small nucleus and even if CO was produced by
the same mechanism as in comets Hale-Bopp or P/S-W 1, it could not have
been detected due to the instrumental detection limit of the order of 4 x 10?7
molecules/s (D. Bockelée-Morvan, personal communication). A significant
improvement on the current detection limit is predicted for the MIRO exper-
iment onboard the Rosetta spacecraft, to be launched in 2003. The evolution
of the CO production rates calculated by the model is shown in figure 8. In
the model carbon monoxide sublimates from a subsurface layer. The depth of
the sublimation front increases with the temporal evolution and the produc-
tion rate decreases (figure 6). In contrast to the water production rate, the
CO production rate after perihelion passage is larger than before perihelion.
This behavior is explained by the thermal inertia of the layers between the
surface and the sublimation front of the CO. The predicted outgassing rate
for CO is almost idendical for the freely sublimating icy surface and the dust
covered surface. For this reason only the freely sublimating case is shown in
figure 8. |

As no direct observations of CO exist for P/Wirtanen, we used an empir-
ical formula given by Di Folco and Bockelée-Morvan (1997) which has been
derived for comet Hale-Bopp from the correlation between the measured CO

production rate and the brightness
log Qco = 30(+£0.04) — 0.256(+0.009) x m,, (17)
This expression is valid only for heliocentric distances larger than 3 AU
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where CO was observed to be the most abundant molecule in the coma of
comet Hale-Bopp. CO production rates derived from observed magnitudes
of P/Wirtanen at 7, > 3 AU are shown in figure 8. However, the dashed
line in figure 8 shows the apparent production rates corresponding to the
expected magnitude of a 600 m cometary nucleus with an albedo of 0.04 .
From the comparison with the available observational data from observation,
we cannot conclude that there was any CO production from P/Wirtanen in
1996.

It is believed that comet nuclei such as P/Wirtanen are strongly differ-
entiated bodies as a result of their thermal evolution in a short-period comet
orbit. Therefore we have to be careful in the interpretation of the model re-
sults, in particluar with respect to the CO outgassing rates. The assumption
of an initially homogenous composition is likely not justified. In addition, the
limited integration time over a few tens or hundreds of years, assuming the
current orbits or even a trajectory from the Kuiper belt might be too small
compared to the age of the comet. We know that P/Wirtanen has made at
least 9 orbits of the Sun since its discovery in 1947, and likely many more
given the typical dynamical life time of Jupiter-family comets. Therefore we
think that the computed CO production rates should be considered as upper
limits. The lower limit would be zero CO production.

We want also to stress that the mixing ratios in the coma (e.g., CO/H,0)
which are typically measured by observers do not represent the chemical com-
position of the bulk comet nucleus or of the comet nucleus surface. Also the

mixing ratio at a specific point on the comet nucleus surface is not repesen-
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tative of the overall mixing ratio which is observed in the coma. As can be

seen in figure 5 the mixing ratio is a function of both latitude and longitude.

7 Comparison with related work

Several groups of researchers have calculated the thermal evolution of a comet
in the orbit of P/Wirtanen using thermo-physical comet models. All existing
models used for this comparison consider a nucleus spin axis perpendicular
to the orbital plane and all models assume a nucleus composed of dust, water
ice, and one or more other more volatile molecules such as carbon monoxide.
The main differences versus our model concern the description of the comet
nucleus surface and the surface energy balance as well as the 2-dimensional
resolution of the diffusion equations.

All models used for this comparison are 1-dimensional (Podolak and Prial-
nik 1996, Capria et al. 1996) or 1.5-dimensional models (Benkhoff and Boice
1996). We did not find in the literature multidimensional comet nucleus
models which includes gases more volatiles than water.

The distributions of temperature and gas production on the comet nu-
cleus surface are not computed by the works as noted above and therefore
cannot be discussed with respect to our work. Among the results which we
can compare, it is found by all models that after the formation of a dust man-
tle, the water production rate at perihelion drops by more than two orders
of magnitude. This effect is due to the reduced energy available for water
sublimation since the nucleus surface temperature is higher and thus more

energy is lost through thermal radiation. The CO production rates are less
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affected by the presence of a dust covered comet nucleus surface. Another
interesting result is that the CO outgassing rates do not reach their max-
imum and minimum in phase with the heliocentric distance and the water
production rates.

Podolak and Prialnik (1996): This model uses the fast rotator ap-
proximation of a sphere leading to an underestimation of the H,O production
rate with increasing heliocentric distance. Compared to our work, their model
uses similar parameters for the initial density and heat conductivity. How-
ever, the values for the thermal emissivity and the albedo are 0.5 and 0.03,
respectively. These values compare with our parameters of 0.96 and 0.04. In
the Podolak and Prialnik model twice as much energy is available for sublima-
tion of volatiles because of the low emissivity. The model takes into account
crystallization of amorphous ice. Two different gases (4.5% CO and 0.5%
CO,, by mass) are initially trapped in the amorphous ice. The trapped gases
are assumed to be released from the ice upon crystallization, without affect-
ing the associated heat release. The gas may eventually condense in colder
layers and sublimate from these layer once the layers are sufficiently héated.
The predicted CO outgassing rates are almost constant throughout one orbit
reaching a maximum production rate of 10%® molecules/s after 10 orbits. The
value of the water production rate at perihelion is 5 x 10?” molecules/s. This
compares with our estimates of the production rates of 9 x 102° molecules/s
(CO) and 10?® molecules/s (H;0), after five orbits. The production rates
were scaled to a 600 m nucleus.

The fast rotator approximation assumes an isothermal surface tempera-
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ture and a uniform distribution of the outgassing at the surface. Therefore
it is not possible to compare results further with the distributions computed
with our model.

Benkhoff and Boice (1996): This model uses the slow rotator ap-
proximation of a single rotating surface element. The model uses similar pa-
rameters for density, heat conductivity, emissivity and albedo. The chemical
composition includes crystalline water ice (61-80% by mass), CO, (7-9%),
CO (3.5-5.56%), CH4 (3.5-5.5%) and dust (0-25%). The maximum surface
temperature at the subsolar point at perihelion is 370 K for the dust cov-
ered comet nucleus surface and 200 K for the freely sublimating icy sur-
face. This compares with our temperatures at the subsolar point of 358 K
and 205 K, respectively. As only the maximum values of the gas produc-
tion rates for the subsolar point are presented, it is difficult to corﬁpare

them with the estimated production rates or our model. The maximum

2 -1

values for the water and CO production rates are 10?2 molecules m=2 s

2 g1 (after five orbits), respectively. This com-

and 4 x 10'® molecules m~
pares with our estimates of the production rates at the subsolar point of
1022 molecules m~2 s~! and 2 x 10" molecules m~? s~! for water and CO,
respectively. The distribution of surface temperatures and outgassing rates
are not computed.

M. T. Capria et al. (1996): The model of Capria and co-workers uses
a fast rotator approximation, although different from the one used in the

Podolak and Prialnik model. In this model, the solar flux received at a

specific latitude is averaged over the hour angle. The diurnal variation of
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the solar flux is not taken into account. The authors consider accumulation
and emission of non-cohesive dust grains on the comet nucleus surface. The
thermal behavior is simulated for a comet nucleus that starts from an orbit
in the Kuiper belt, is injected into the giant planets region, and through
multiple close encounters evolves into the present orbit of comet Wirtanen.
The influence of the latitude on the evolution of the nucleus is analyzed with
two models having two different latitudes: 0° and 80°. The model uses similar
input parameter for density, heat conductivity, emissivity and albedo. The
initial chemical composition includes amorphous water ice (47% by rﬁass),
CO (2.5%), CO; (0.5%) and dust (50%). The more volatile ices are trapped
in the amorphous water ice and are released upon crystallization, taking
into account the latent heat of evaporation. The Capria model predicts a
maximum surface temperature at perihelion of about 200 K at the equator
and 180 K at 80° latitude. The maximum temperatures at aphelion reach
130 K and 85 K for the equator and for 80° latitude, respectively. These
temperatures compare favorably to ours in the case of a freely sublimating
icy surface. The gas production rate is given only for the subsolar point and

2

reaches a rate of about 10'® molecules m™2 s~! at perihelion. The water

production includes very strong bursts of up to two orders of magnitude

reaching 10%° molecules m™2

s~'. This peak value is about two orders of
magnitude lower than the production rate predicted by the Benkhoff and
Boice model as well as in our work. The likely explanation of this discrepacy
is the presence of a dust mantle at the comet nucleus surface. The surges in

water production could then be the result of a partial dust mantle blow-off.
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However, in that case the surface temperature would have been expected
to be significantly higher, unless one considers a dramatic increase in the
heat conductivity of the dust mantle. The CO production is almost constant

2 571, This compares

through one orbit and has a rate of 10'® molecules m™
favorably to our rates predicted for the subsolar point and to those of the

Benkhoff and Boice model.

8 Conclusions

In this paper we have presented results of a multidimensional model of comet
46P/Wirtanen, assuming a spherical model nucleus with a spin axis perpen-
dicular to the orbit plane. We found that 2D and 3D effects of the heat and
gas diffusion are relatively small for a nucleus with a spherical shape. How-
ever, we think that these effects can become important for a more realistic,
irregular nucleus shape. The main results of the model are the distributions
of temperature and gas production on the nucleus surface. It was shown
that the gas production rates and the outgassing mixing ratios above the
comet nucleus surface depend strongly on latitude, longitude and heliocen-
tric distance. Thus we conclude that it is very important to describe the
comet nucleus surface with a large number of grid points. The modeled gas
production rates are quantitativly compared against actual observations of

P/Wirtanen. The important results are:

e The distribution of carbori monoxide outgassing on the nucleus surface

is found to be near-uniform. The distributions of surface temperature
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and water production, however, depend on the solar flux received at a

given point on the nucleus surface.

A water production rate of 10%® molecules/s, close to that observed for
comet Wirtanen at perihelion in 1996, can be explained by free surface
sublimation of water ice from a comet nucleus composed of ice and
dust and having a mean effective radius of about 600 m, the radius

suggested by CCD observations.

The calculated likely upper limits for carbon monoxide outgassing for
a nucleus with a radius of 600 m is ~ 10% molecules/s (after five
orbits). This rate depends on the thermal history and the possible

chemical differentiation inside the nucleus of comet Wirtanen.

The model was compared with other comet nucleus models. The com-
parison is difficult as these models use a different description of the
comet nucleus surface and do not provide the distributions of temper-

ature and gas production on the surface. -
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Semimajor axis 3.115 AU

Orbit eccentricity 0.655

Spin period 24 hours

Spin axis " perpendicular to orbital plane
Nucleus radius Ry 600m

Bond albedo A 004

Infrared emissivity € 0.96

Initial nucleus temperature 20 K

Hertz factor h 0.01

Nucleus bulk density p 500 kg m?
Bulk thermal conductivity of dust Ky 1:0W m~! K!
Pore radius rp, 107%m

Chemical composition

H,O 0.45 (mass ratio)
CO 0.05
Dust 0.50

Table 1: Physical input parameters where chosen from the parameter set
defined by the Comet Nucleus Working Team (Huebner et al. 1998).
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wedge at t=t,

wedge at t=tgdt

Figure 1: Schematic view of the modeled comet nucleus.
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Figure 2: Temperature distribution at the surface of the modeled comet
nucleus (in Kelvin) at 1.08 AU (top) and 3 AU (bottom) from the Sun,
after five orbits. The temperatures for a freely sublimating ice-dust surface
are shown in the two figures at left. The temperatures for a dust covered
cometary nucleus are shown at right. The nucleus spin axis is perpendicular
to the orbital plane.

34



400 .
350 |-
300
X
5 250
2
2
QE) 200 [~
=
g 150 |-
3
100 |
50 |
0 | | | I |
1 2 3 4 5
Th (AU)

Figure 3: Evolution of the maximum surface temperature versus heliocentric
distance for three different latitudes: 85°,45°,0°.
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Figure 4: Temperature profiles versus depth after five orbits for 1.08 AU and
3 AU from the Sun and for three different latitudes each at noon, local time.
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Figure 5: Distribution of gas production at the surface of the modeled comet
nucleus with a freely sublimating icy surface at 1.08 AU (top) and 3 AU
(bottom) from the Sun, after five orbits. The maximum rate for water pro-
duction, shown in the two figures at left, is found close to the subsolar point
(0°-0°) and is set to 100 (units are 1.11 x 10 molecules m™2 s™* for 1.08 AU
and 2.91 x 10'® molecules m~2 s for 3 AU). The offset with respect to the
subsolor point is expained by the thermal lag. The distribution of the CO
production rate is shown in the two figures at right. The distribution along
lines of constant latitude is found to be uniform as the CO source is situ-
ated deeper than the diurnal skin depth of a few centimeters. Units are in
1.61 x 10!7 molecules m~2 s~! for 1.08 AU and 2.09 x 10'” molecules m~2 s™*
for 3 AU.
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Figure 6: Evolution of the depth of the CO sublimation front versus time for
three different latitudes: 85°,45°,0° .
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Figure 7: Water production rates versus heliocentric distance. Comparison
between the model and observations of comet 46P/Wirtanen in 1995/96.
The solid lines correspond to the freely sublimating icy surface, whereas the
dashed lines correspond to the dust covered surface and the apparent pro-
duction rate corresponding to the expected magnitude of a 600 m cometary
with an albedo of 0.04. Magnitude data are from a compilation of broadband
R magnitudes by Meech et al. (1997). Error bars for the measurements of
the OH and H production rates were not given in the IAU circulars.
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Figure 8: Comparison of modeled carbon monoxide production with produc-
tion rates derived from the visual brightness of comet 46P/Wirtanen. Mag-
nitude data are from a compilation of broadband R magnitudes by Meech et
al. (1997). The dashed line shows the apparent production rate correspond-
ing to the expected magnitude of a 600 m cometary nucleus with an albedo
of 0.04.
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